Introduction
Bacterial penetration of the blood-brain barrier (BBB) results in meningitis and can develop into a life-threatening infection or be associated with permanent neurological sequelae.
The BBB is composed of a specialized layer of human brain microvascular endothelial cells (hBMEC), which separates the brain and its surrounding tissues from the circulating blood and tightly regulates the flow of nutrients and molecules (6, 7) . At the level of the microvasculature, brain endothelial cells are joined by tight junctions, which effectively limit the passage of substances except the smallest molecules (6, 7) . Yet despite its highly restrictive nature, certain bacterial pathogens are still able to penetrate the BBB and gain entry into the central nervous system (CNS). Meningitis-causing bacteria interact with brain endothelium and can cross the BBB as 'live' bacteria either transcellularly or paracellularly, and subsequently multiply inside the CNS (29) . The specific molecular and cellular mechanisms involved in this pathogen trafficking of brain endothelium may vary depending on the organism (29) .
Bacillus anthracis, the etiologic agent of anthrax, is a Gram-positive spore-forming bacterium commonly found in the soil and can infect animals and humans (42) . Anthrax is caused by ingestion, inhalation or cutaneous inoculation of B. anthracis spores and their subsequent entry into host tissues (12) . Spores germinate, multiply as vegetative bacteria and disseminate throughout their host causing septicemia, toxemia and meningitis (12) . Anthrax meningitis is characterized by an influx of neutrophil and monocytic cells, hemorrhage, edema, congestion of blood vessels, low cerebral spinal glucose levels and the presence of bacteria in the cerebrospinal fluid (1, 19, 33) . In general, even intensive antibiotic therapy is often ineffective against the rapid and lethal development of anthrax meningitis (33) .
The pathogenicity of B. anthracis relies primarily on the major virulence factors, capsule and the toxin complexes. The anthrax toxins, encoded by genes on the major virulence plasmid pXO1, are composed of three proteins, one receptor binding subunit protective antigen (PA) and two catalytic subunits lethal factor (LF) and edema factor (EF) (12, 43) . PA forms a heptamer at the host cell membrane and binds to LF and/or EF, yielding lethal toxin (LT) and edema toxin (ET) respectively (15) . The complex is then internalized and undergoes acidification necessary for LF or EF translocation into the cytosol. Once in the cytosol, LF acts as a metalloprotease and cleaves members of the mitogen-activated protein kinase kinase (MAPKK) family consequently disrupting signaling pathways (15, 59) . EF is a Ca2+ -and calmodulin dependent adenylate cyclase that generates high levels of cAMP in the cell (36, 37) and contributes to virulence by inducing anti-inflammatory cytokines and suppressing lipopolysaccharide-mediated inflammatory tumor necrosis factor alpha release (25, 45) . The coordinated action of both anthrax toxins ensures successful infection and overall virulence.
Central to the development of anthrax meningitis is the presence of bacilli in the CNS, suggesting the presence of factors that allow B. anthracis to traffic the BBB (1, 19) . In order to identify these factors, we have previously developed in vitro and in vivo models of anthrax meningitis (58) and demonstrated that both anthrax toxins inhibit neutrophil signaling pathways and ultimately contribute to BBB penetration (58) . However, the role of each individual toxin in the pathogenesis of meningitis has not been studied. Here we use isogenic bacterial mutants lacking EF or LF to examine the contribution of these toxins to BBB disruption, invasion, trafficking and the development of meningitis during live bacterial infection. Our results suggest that both toxins contribute to BBB penetration in different ways, but that LT plays a more prominent role in disease progression.
on November 1, 2017 by guest http://iai.asm.org/ Downloaded from 6 hBMEC monolayers in a final volume of 500µL and plates were incubated at 37°C with 5% CO 2 . To quantify the number of adherent organisms, hBMEC monolayers were incubated with bacteria for 45 min and washed five times with PBS to remove non-adherent bacteria, and disrupted by the addition of 0.025% trypsin/EDTA/Triton-X-100 solution. To quantify intracellular bacteria, hBMEC monolayers were incubated with bacteria for 2 h followed by the addition of gentamicin (50 µg/mL) for 15 min to kill extracellular bacteria. The monolayers were washed three times with PBS, and disrupted by the addition of 0.025% trypsin/EDTA/Triton-X-100 solution. Enumeration of adherent and intracellular organisms was performed by plating serial dilutions on Todd Hewitt broth (THB, Sigma) agar plates. To quantify intracellular survival over time, intracellular bacteria were enumerated at the indicated time points after gentamicin treatment. Purified LF and PA were kindly provided by Dr. Stephen Leppla (National Institutes of Health, Bethesda, MD). Toxin proteins were diluted in sterile PBS and hBMEC were incubated with 1 µg LF and 2 µg PA 30 min prior to infection. For mitogenactivated protein (MAP) kinase assays, hBMEC were incubated with 10 µM UO126 (Sigma) or 10 µM SB202190 (Sigma) for 30 min prior to infection. All assays were performed at least in triplicate and repeated at least three times.
Electric Cell-substrate Impedance Sensing (ECIS) Assays. The ECIS system and the electrode arrays (Applied BioPhysics, Inc., Troy, NY) were used to monitor monolayer integrity as described previously (35) . hBMEC were grown on 30% collagen coated 10 well electrode (8W10E) arrays until stable resistances of 800 Ω were reached. Confluent monolayers of hBMEC were infected with B. anthracis Sterne, ∆LF/EF, ∆LF or ∆EF at MOI 0.1 and electrical resistances were recorded every 5 min for 12 h post infection. Changes in trans-endothelial electrical resistance were then calculated according to the model of Giaever and Keese (20) (21) (22) 38 ). This method is based on measuring non-invasively the frequency-dependent electrical impedance of cell-covered gold-film electrodes. The overall impedance of the system arises from three sources: the cell membrane capacitance (Cm), the resistance from the cell-electrode interaction (α), and the barrier function properties of the cell monolayer (Rb). Deconvolution of the overall ECIS signal into these parameters was performed by the ECIS software by fitting the mathematical model derived by Giaever and Keese (20) Mouse model of hematogenous meningitis. All animal experiments were approved by the Committee on the Use and Care of Animals, and performed using accepted veterinary standards.
As described previously (16, 58) , nine week old out bred immunocompetent female CD-1 mice (Charles River Laboratories, Wilmington, MA, USA) were injected intravenously with 0.1 ml B.
anthracis Sterne or toxin deficient mutants (1 x10 6 CFU, n = 6-10 mice per group). Mice were monitored for signs of infection at least twice a day and euthanized when they became moribund.
To assess the contribution of the toxins to BBB penetration, mice were euthanized 43 h post infection. Blood and brain and were collected and plated to determine bacterial counts in each Director). To quantify bacterial survival in whole mouse blood, blood was harvested from nineweek old CD-1 mice. B. anthracis and the toxin deficient mutants were incubated in whole mouse blood at 1 x10 6 CFU/mL and samples were taken at specific time intervals and serially diluted on THB agar to determine bacterial survival over time.
Statistical analysis. Graphpad Prism version 4.03 was used for statistical analysis. Differences in adherence, invasion, bacterial counts in tissues were evaluated using an unpaired students ttest. Statistical significance was accepted at P < 0.05.
Results

Edema Toxin Contributes to Disruption of Brain Endothelium
Disruption of tight junctions and paracellular traversal between brain endothelial cells is one strategy employed by microbial pathogens to penetrate the BBB (29) . As anthrax toxins have been implicated in promoting vascular permeability (5, 9) and endothelial cell dysfunction (60), we sought to determine the contribution of LF and EF to hBMEC barrier integrity during infection by monitoring changes in transendothelial electrical resistance (TEER) across hBMEC and cell monolayer integrity (Reactance) in real-time by ECIS (Applied BioPhysics, Troy, NY).
As described in Materials and Methods, hBMEC monolayers were seeded on electrode arrays until a stable resistance of 800 Ω was reached. Subsequent infection with B. anthracis Sterne or the ∆LF mutant resulted in a decrease in TEER to 50% of the uninfected control in ~3.5 h ( Immunofluorescence staining showed an overall reduction and disruption of ZO-1 staining at the hBMEC intercellular junctions when infected with B. anthracis Sterne or the ∆LF mutant compared to that observed in the media control, or during infection with the ∆EF strain. (Fig 1C-G ). Further we observed no difference in cell monolayer density during these infections (Suppl. Fig. 1 ). Supernatants from these infections were also harvested to quantify cytotoxicity by LDH release, and no significant difference was observed following infection of all strains, suggesting that the differences in ZO-1 staining and barrier integrity was not a result of increased cell death (data not shown). Taken together these results suggest that during anthrax infection the EF toxin component contributes to ZO-1 and endothelial cell disruption.
Lethal Toxin Promotes Invasion of Brain Endothelium
The ability of meningeal pathogens to directly enter or invade brain endothelium and pass through the BBB transcellularly represents another strategy for breaching the BBB during the development of bacterial meningitis (29 (Fig. 2C ). To further demonstrate the contribution of LT in promoting B. anthracis Sterne invasion, we pre-treated confluent monolayers of hBMEC with purified LT and quantified the percent invasion of B. anthracis Sterne and the ∆LF mutant. A significant increase in ∆LF invasion was observed when hBMEC were pre-treated with LT compared to untreated hBMEC (Fig. 2D ). This increase in invasion was specific to B. anthracis Sterne, as the non-invasive bacterium B. thuringiensis did not exhibit an increase in invasion in the presence of LT. These results demonstrate that LF plays a specific role in facilitating B.
anthracis Sterne hBMEC invasion.
Once translocated into cells, LF has been shown to cleave MEKs 1 through 7 (except MEK5) disrupting the activation of the MAPK pathways via ERK1/2, p38 and JNK (4, 15) . We (Fig 3A) . These results suggest that toxin expression may limit B. anthracis survival within hBMEC.
To survive intracellularly bacteria must employ various strategies to resist the host cell defense system, including resistance to phagolysosome and autophagic killing. Our observation on November 1, 2017 by guest http://iai.asm.org/ Downloaded from prompted us to examine the bulk degradative autophagic pathway which can be induced during microbial infection as a mechanism to eliminate intracellular pathogens and/or toxins (11).
Autophagy is a physiologic process whereby cytoplasmic components including organelles and intracellular microbes are engulfed by a double membrane structure and targeted for destruction by fusion with a lysosome. Upon initiation of autophagy, the cytosolic LC3-I form is converted to the LC3-II form, which is covalently linked to phospholipids and associated with the inner membranes of autophagosomes (28) . When GFP is fused to the N-terminus of LC3, the GFP-LC3 is diffusely distributed in the cytosol, but upon proteolysis of the C-terminus and lipidation, it is recruited into autophagosomes, which are evident as microscopic specks, or punctae. The extent to which GFP-LC3 is recruited into punctate structures correlates very well with the extent of autophagy and is now regarded as a reliable indicator of autophagy (24, 26, 48, 55) .
Recently, it was shown that intoxication of macrophages with purified LT induced autophagy, suggesting that autophagy functions as a defense mechanism against LT-mediated toxemia (55) . To investigate whether autophagy is induced in hBMEC in response to toxin production during infection with live bacteria, we monitored and quantified GFP-LC3 puncta following a 2 h infection with B. anthracis Sterne or the toxin-deficient mutants. A significant increase in the percentage of hBMEC with high numbers of GFP-LC3 punctae was observed when infected with B. anthracis Sterne compared to the ∆LF/EF, ∆LF, and ∆EF strains or to the uninfected control (Fig 3B-H 
Contribution of Anthrax Toxins to Development of Meningitis
Our results thus far suggest that both anthrax toxins contribute to different aspects of BBB disruption and penetration in vitro. We hypothesized that these in vitro phenotypes would translate into a diminished ability to penetrate the BBB and produce meningitis in vivo. Using our established murine model of hematogenous anthrax meningitis (58) we infected mice intravenously with B. anthracis Sterne, ∆LF or ∆EF strains (n = 10 per group). Infection with B.
anthracis Sterne resulted in complete mortality while all of the ∆LF infected mice survived, ( Fig   4A) . Interestingly, mice infected with the ∆EF mutant exhibited a significant delay in mortality (Fig 4B) . No difference in the number of CFU in the blood was observed between the strains at the time tissues were harvested (Fig 4B) .
Additionally, we observed no significant difference in mouse whole blood survival assays performed ex vivo between B. anthracis Sterne and the toxin deficient mutants (data not shown).
Microscopic examination of the brain tissues from representative mice infected with B. anthracis
Sterne or the ∆EF mutant showed an influx of inflammatory cells and substantial hemorrhaging (Fig 4C and E) , whereas, the brains of mice from infected ∆LF mice exhibited normal brain on November 1, 2017 by guest http://iai.asm.org/ Downloaded from architecture ( Fig 4D) . These results suggest that the LT toxin complex plays a more prominent role in facilitating BBB penetration and the development of meningitis in vivo.
Discussion
Previous studies have demonstrated the important contributions of anthrax toxins to the development of disease pathogenesis (18, (39) (40) (41) . In this study, we used isogenic ∆LF and ∆EF Impedance was recorded at 11 frequencies and TEER was calculated as described in materials and methods. Cell viability and monolayer integrity was measured by the Reactance at 64 kHz.
Experiments were performed in duplicate, normalized to the mean control and shown as the 
